Uniaxial-compression creep test and dynamic viscoelastic measurement were performed on binary sodium-and lithium-silicate glasses at around their deformation temperature. The derived creep function was converted into a relaxation modulus using the Laplace transformation and its inversion. Shear relaxation modulus G(t) was expressed by a 1-term Maxwell model for both glass systems. In the sodium system, the viscous term in the model decreased with increasing modifying oxide. In contrast, the lithium system showed a higher value in the elastic term and a lower value in the viscous term than the sodium system. The storage elastic modulus E¤(½) observed in the dynamic measurement started to decrease at the glass transition temperatures, and complicated fluctuation of the modulus was observed at around the deformation temperatures for frequencies larger than a few Hz. The decrease in the modulus at the transition temperature has been suggested to originate from slipping between silicate clusters which were separated by non-bridging oxygen with the modifying cations similar to polymer materials. The master curve of the loss elastic modulus E¤¤(½) showed unique frequency dependence in all sodium-silicate glasses, while the data at high frequencies at around the deformation temperature deviated from the curve. This suggested that slipping between silicate clusters is the main process of structural relaxation, and anomalies in the dynamic modulus at around the deformation temperature could be related to other relaxation. The E¤(½) of the lithium-silicate glass showed similar temperature dependence and the master curve of E¤¤(½) had a narrower frequency distribution. The contribution to E¤¤(½) below 10 ¹2 Hz was smaller than in the sodium system. This lack of slow relaxation was well consistent with the comparably lower viscous term of G(t) in the Maxwell model. Injection testing into a narrow pore showed a faster saturation of the injected volume for the lithium-silicate glass.
Introduction
Mold pressing of glasses has been used in the past half century as the fabrication process of optical components, such as precision lenses for digital still cameras and pick-up devices, micro-lenses, gratings, and prisms. Recently, this technique has been expanding to form sub-wavelength periodic structures on the surface of glass components for a generation of new functions such as diffraction, antireflection, and retardation. 1)4) In many cases, injection with high aspect ratio and precise transfer of mold shape are important problems that remain unsolved. For example, Kitamura et al. 4) reported thermal nano-imprinting of a two-dimensional periodic structure with 300 nm pitch on high-refractive index phosphate glasses. The imprinted round shape was quite different from the original cone shape of the mold. They 5) also reported differences in the transferability of a one-dimensional periodic structure on two kinds of phosphate glasses when pressed under pressure-time conditions at the same viscosity. Moreover, in the general molding process of optical lenses, sink marks of elements also have similar problems. The difficulty of molding relates strongly to the mechanical and thermal properties of glass materials. In particular, the viscoelastic nature of the glass is most important for achieving a precise transfer of the shape of the mold and injection with high aspect ratio in thermal molding processes.
Viscoelastic properties such as internal friction, 6 ), 7) delayed elasticity up to glass transition temperature, 8) and stress relaxation 9) have been extensively studied in silicate systems from half a century ago. For example, Forry 6) and Rötger 7) reported that two structural relaxations due to diffusion alkali ions and moving non-bridging oxygen were found at around ¹5050°C and 150300°C for binary alkali silicate glasses from internal friction measurement. Argon 8) reported that the delayed elasticity of a soda-lime-silica glass is explained by a molecular arrangement mechanism with a distribution of activation energies. Crichton et al. 9) attempted to explain the stress relaxation of soda lime glass at high temperature by multiple Maxwell type models having some relaxation time. Although the viscoelastic nature at around the deformation temperature is very important for thermal molding processes, as mentioned above, much less work has been reported on this property.
In the present study, the viscoelastic measurements of basic binary sodium and lithium silicate glasses were performed by uniaxial compression creep tests and dynamic viscoelastic measurement. The effect of modifying the oxide and difference in the kind of modifying cation on the viscoelastic nature are discussed based on an injection test into a narrow pore.
Experimental procedure
Na 2 OxSiO 2 (x = 2, 3, and 4 in molar ratio) and Li 2 O2SiO 2 glasses were prepared by a conventional melt-quench method. Na 2 CO 3 (99%, Wako Chemicals), Li 2 CO 3 (99%, Kojundo Chemicals, 99%), and SiO 2 (99.99%, Nitchitsu) were used as starting materials. A 200 g melt was poured onto a graphite plate and annealed at the glass transition temperature for several hours and cooled to room temperature for 10 h. The annealed glass sample was cut into cylinders of diameter 8 mm and height 8 mm for the creep test, a square pillar of dimensions 4 © 4 © 15 mm for thermal mechanical analysis, and also into plates of dimensions 10 © 50 © 1.5 mm for dynamic viscoelastic measurement (see below). Surfaces of samples were finished using abrasive powder with a grading of #1500. Cylinder samples of diameter 8 mm and height 5 mm were also prepared for an injection test into a narrow pore on the mold. Both sides of the cylinder were polished to optical grade for the injection test.
The glass transition temperature T g and deformation temperature A t were determined by thermal mechanical analysis (TMA/ SS-6300, Seiko Instruments) under conditions of a load of 100 mN and a heating rate of 5°C/min. The density μ of the sample was measured by Archimedes method with distilled water with an error of less than «1 kg/m 3 . A uniaxial compression creep test was performed by using a precision pressing machine (GMP-311V, Toshiba Machine) within a time span of about 8000 s. After reaching the test temperature, a load of 420 N was applied to a glass cylinder in a nitrogen atmosphere. Deformation of the sample height was recorded to an accuracy of 1.0¯m. The period of the recording was varied from 5 © 10 ¹3 to 1 s depending on the degree of deformation rate. Measurements were carried out at around the deformation temperature.
Ultrasonic velocities of longitudinal v L and transverse v T waves were measured at room temperature by an ultrasonic pulseecho method. A 10 MHz longitudinal transducer and a 5 MHz transverse transducer were used with a pulse transmitter/receiver (DPR300, JSR Ultrasonics). The cylinder sample for the creep test was used for this ultrasonic measurement. Instantaneous shear modulus G 0 , Poisson's ratio¯, instantaneous elastic modulus E 0 , and bulk modulus K 0 were determined from both the velocities and the density of the sample as follows:
The details of the measurement and calculation of elastic moduli are described elsewhere. 10),11) These values were used for the calculation of the creep function and the relaxation modulus in the analysis of the creep test.
Dynamic viscoelastic measurement was performed by using a viscoelasticy measuring instrument (DMS-6300, Seiko Instruments). The center of the beam sample, where the sample was fixed, was modulated at thirteen different frequencies f : 0.01, 0.02, 0,05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, and 100 Hz. The recorded time histories of strain and stress were converted to storage elastic modulus EB(½) and loss elastic modulus EBB(½), 12), 13) where ½ is angular frequency and ½ = 2³f. Measurements were carried out from room temperature to around the deformation temperature with a heating rate of 0.3°C/min.
Injection tests were carried out by using the precision pressing machine mentioned above. A flat glassy carbon mold (GC20SS, Tokai Carbon) and a glassy carbon mold having a narrow pore of diameter 200¯m and depth 700¯m were placed on the pressing arms. A cylinder sample was pressed by these molds with a load of 1.5 kN under vacuum conditions at the temperature at which the viscosity © of the sample becomes log © = 11.9. The injected volume was calculated from the surface shape which was observed by using a laser microscope (VK-8710, Keyence). Time dependence of the injected volume was recorded up to 600 s. Temperature dependence of the volume also measured at a few temperatures with a constant pressing period of 30 s.
Results

Uniaxial compression creep test
Figures 1(a)1(d) show the histories of the displacements derived from the creep test for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses. As seen in the figures, the displacement of sample height becomes faster at higher temperatures and then almost saturates after a long period of time, while it proceeded gently at temperatures lower than the deformation temperature. The profile of displacement is similar for all glasses. The viscosity © of the glass can be calculated from the displacement rate by using the parallel plate method using the following equation,
where h and dh/dt are the height of the sample and the displacement rate, respectively; M is the mass of the sample; V is the initial volume of the sample; and g is gravitational acceleration. The volume is assumed to be constant in this study. Figure 2 shows the © of all glasses plotted against temperature. Temperature dependence of the © is almost the same in the sodium silicate glasses, and the dependence in Li 2 O2SiO 2 glass is more sensitive than sodium silicate glasses. These behaviors were well consistent with previous results measured by the fiber elongation method. 
Physical properties and mechanical properties measured by the ultrasonic pulse-echo method
The glass transition temperature T g and deformation temperature A t of the glass samples are listed on the left side of Table 1 along with the density μ. The longitudinal and transverse velocities v L and v T at room temperature are listed in the middle of the table. The instantaneous shear modulus G 0 , Poisson's ratiō , instantaneous elastic modulus E 0 , and bulk modulus K 0 are also listed in the right columns in the table. The E 0 and G 0 for sodium system decrease with increasing Na 2 O content. The values for Li 2 O2SiO 2 glass are larger than those for sodium silicate glasses.
Dynamic viscoelastic measurement
The temperature dependence of the storage elastic modulus EB(½) and loss elastic modulus EBB(½) are shown in Figs. 3(a) 3(d) for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses, respectively. Five frequencies, f = 0.01, 0.1, 1, 10, and 100 Hz, are chosen as representative frequencies. Vertical lines indicate the T g and A t for each glass. As seen in the figures, EB(½) starts to decrease and EBB(½) starts to increase slightly below the T g , and some fluctuation is observed at around A t for only frequencies higher than 1 Hz. Figure 4 shows the EBB(½) curve for f = 1 Hz below 400°C. A broad bump is observed at around 150300°C in EBB(½) of the sodium system, while it is not clear in the lithium system. The frequency dependence of the storage elastic modulus EB(½) and loss elastic modulus EBB(½) are shown in Figs. 5(a) 5(d) for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses, respectively. Graphs on the left and right sides show EB(½) and EBB(½), respectively. The EB(½) is almost flat at low temperatures and high frequencies, but decreases in the low frequency region. This decreasing tendency becomes remarkable at higher temperatures. Moreover, the decrease in EB(½) with increasing tempera- ture is more remarkable in Li 2 O2SiO 2 glass than sodium silicate glasses. EB(½) curves for Li 2 O2SiO 2 glass shows an irregular decrease only at 536 and 545°C, whereas EBB(½) shows almost the same profile for sodium silicate glasses and has a broad peak at higher temperatures at a glance. Crystallization of the sample was observed after measurement of Li 2 O2SiO 2 glass.
Injection test
A small round bump was formed on the glass surface after the injection test. Figure 6 shows the dependence of the injected volume on pressing time for all glasses. The volume increases monotonically with pressing time and follows the same trajectory for Na 2 OxSiO 2 (x = 2, 3, and 4) glasses. In contrast, the volume for Li 2 O2SiO 2 glass tends to be suppressed on the pressing for 600 s, although all cylinder samples showed almost the same height after pressing for each time as expected from macroscopic viscosity. However, the macroscopic viscosity © is expected to vary with temperature as shown in Fig. 2 for the test of constant pressing time. The injected volume, therefore, was plotted against the macroscopic © in Fig. 7 . As seen in the figure, the volume increases acceleratingly with decreasing © for Na 2 OxSiO 2 (x = 2, 3, and 4) glasses, while it increases linearly for Li 2 O2SiO 2 glass.
Discussion 4.1 Uniaxial compression creep test
As seen in Figs. 1(a)1(d) , the displacements of the sample exceed 50% of the initial height, so that true stress was introduced according to Arai's method 18) to avoid an estimation error of the creep function J(t) due to large deformation. In the present (Table 1) . Fig. 6 . Dependence of injected volume on pressing time (30, 60, 180, and 600 s) for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses. The cylindrical sample was pressed under a load of 1.5 kN at the temperature where the viscosity © becomes log © = 11.9. study, the creep function J(t) was fitted by a 10-term power function,
for a conventional calculation of the shear relaxation modulus G(t) on the inverse Laplace transformation. 19) In Eq. (6), t is the time, and a i is the regression coefficient of the i-th term. The instantaneous creep function J 0 at t = 0 was assumed by a reciprocal Young's modulus 1/E 0 . The G(t) of Na 2 O2SiO 2 glass estimated by inverse Laplace transformation is shown in Fig. 8(a) . Similar curves are obtained for Na 2 O3SiO 2 and 4SiO 2 glasses as seen in Figs. 8(b) and 8(c) . The profile of G(t) is also similar for Li 2 O2SiO 2 glass [see Fig. 8(d) ], but the temperature shift is larger than the sodium silicate system. As seen in these figures, taking logarithmic time for the horizontal axis, the relaxation modulus at each temperature has almost the same profile, namely the relaxation rate changes with temperature according to the timetemperature superposition principle. 20) Shift factor ln ¡ T was obtained by superimposing the G(t) curve at each temperature onto a curve at the deformation temperature A t . Figure 9 shows the ln ¡ T plotted against the reciprocal of temperature T. The factor obeys 1/T linearly well, that is, the activation energy ¦H of structural relaxation can be estimated by using Narayanaswamy's equation, which is based on the Arrhenius type relationship as follows, 21) 
where R is the molar gas constant, 8.314 JK ¹1 mol ¹1 . The activation energies ¦H estimated from the slope of the curve are 441, 424, 417, and 449 Jmol ¹1 for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses, respectively. The energy decreases with decreasing Na 2 O content for the sodium system, while Li 2 O 2SiO 2 glass shows higher energy than the sodium system. In analogy to polymer materials, slipping between network clusters separated by modifying cations at non-bridging oxygen might be the main structural relaxation for inorganic glass. 22) The increase in activation energy with Na 2 O content seems to contradict the decrease in cluster size. Therefore, the concept of free volume 23), 24) or variation in configurational entropy 25) is expected to relate to the increase in energy as discussed by Perez et al. 26) even though the mechanism is not still clear.
The G(t) curve generally obeys the classical Maxwell model 18) which is composed of a linear combination of a spring (elastic term) and a dashpot (viscous term). We therefore attempted to fit the master curve of G(t) for all glasses to a 2-term Maxwell model as shown in the schematic diagram in Fig. 10 , where G i , © i (i = 1 and 2) are the elastic and viscous terms, respectively, and G¨is the elastic term at the infinite limit. Relaxation time was calculated by¸i = G i /© i . The model was fitted to the experimental G(t) curves by the least square method. It should be noted that the elastic and viscous term depend on the temperature. In order to compare the compositional dependence among glass samples, we fixed the temperature at which the macroscopic © became log © = 10.5 as the reference temperature T r of the G(t) master curve. The T r of each glass sample is listed in the right column of Table 2 . As a result of fitting, the parameters G 1 and G 2 , © 1 and © 2 converged respectively to the same values. This implies the structural relaxation can be described by a single model within the present temperature and time regions. The estimated elastic G 1 and viscous © 1 terms and G¨are listed in Table 2 against the¸1. As seen in the results, the G 1 of the Li 2 O2SiO 2 glass is larger than that of Na 2 O xSiO 2 glasses. A similar tendency is found in the instantaneous elastic and shear moduli. These are consistent with the decrease in covalent character of the glass, which can be estimated by Sun's Fig. 9 . Relationship between the shift factor ln ¡ T and reciprocal of temperature T for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses. Journal of the Ceramic Society of Japan 125 [10] 721-727 2017 report, 27) although the composition dependence of the G 1 is not seen in the sodium system. However, the¸1 of Li 2 O2SiO 2 glass is shorter than that of Na 2 O2SiO 2 glass. Even though the molar concentrations of glass modifying oxides are the same, it is found the structural relaxation at the temperature, which might be due to slipping between glass network clusters, easily proceeds in the lithium silicate glass. Figure 4 shows the broad contour of the stored elasticity EBB(½) found in the region around 150300°C for the sodium system. Since it has a wide temperature region, this indicates a presence of some structural relaxation, which may have a wide distribution of activation energy. The change in magnitude, however, is quite small. Forry 6) and Rötger 7) observed two peaks due to energy loss by internal friction measurement in binary silicate glasses. A peak from ¹50 to 50°C was attributed to diffusion of alkali ions. 28) Another peak was located around 150250°C. Coenen 29) suggested the energy loss peak, which was found in the region, originates from the motion of non-bridging oxygens. Taylor 28) also suggested the possibility of proton motion as the origin of this peak. Moreover, the higher temperature peak in internal friction was not remarkable for the lithium silicate glass. 30) This is similar to the present result in Li 2 O2SiO 2 glass. The region at higher temperatures is consistent with the present broad contour in the EBB(½) curve, though the origin of the peak is still controversial and macroscopic large deformation is not expected to occur by these mechanisms.
Dynamic viscoelastic measurement
In the high temperature region above 400°C, EB(½) starts to decrease around the glass transition temperature as seen in Figs. 3(a)3(c) . The degree of drop at T g tends to increase with increasing Na 2 O concentration. As mentioned above, structural relaxation is expected due to slipping between network clusters around non-bridging oxygens terminated by modifying cations. Therefore, a decrease in covalent characteristic around the nonbridging oxygens should lead to a rapid decrease in the elasticity EB(½) at T g . Complex fluctuations are also observed in EB(½) and EBB(½) at vibration frequencies above 1 Hz. Since this region corresponds to that of super-cooled liquid state, the network clusters are expected to break down into smaller sizes. The energy for breaking down the network is expected to vary, resulting in complex fluctuations. Thus subdivision of the network is expected to grow complicatedly in frequency with increasing temperature above T g . At the temperature where the bond break down occurs, elastic properties do not obey the time (frequency) temperature superposition principle. Koide et al. 13) introduced ln ¡ T both in the horizontal and vertical axes to make a master curve. A ln ¡ T in the vertical axis may be reasonable, because relaxations due to diffusion of alkali ions and motion of nonbridging oxygens continuously exist even at high temperatures, and because thermal expansion may affect the shift of elastic modulus. The EB(½) and EBB(½) curves were superposed onto a curve at the glass transition temperature by using the usual horizontal and vertical ln ¡ T . Figures 11(a)11(d) show the master curves of EB(½) and EBB(½) for Na 2 OxSiO 2 (x = 2, 3 and 4) and Li 2 O2SiO 2 glasses. As seen in the figures, the EB(½) and EBB(½) curves for sodium silicate glasses show almost the same profile. This suggests that the mechanism of structural relaxation, that is, distribution of structural relaxation time is independent of the Na 2 O content. Some departures from the curve are observed on the higher frequency side of the EBB(½) curves. These departures correspond to complex fluctuations around the deformation temperature which is observed to have temperature dependence (Fig. 3) only at high frequencies as expected from the above discussion. Moreover, other departures in the lower frequency region are observed only in the EBB(½) curve of Li 2 O2SiO 2 glass. These data correspond to the results at high temperatures. As seen in Fig. 3(d) , the EB(½) and EBB(½) values are scattered at high temperatures above 550°C. These departures at lower frequencies are deduced to be due to crystallization. Eliminating some anomalous departures, therefore, the broad profile in the EBB(½) is expected to be strongly related to structural relaxation due to slipping among the network clusters. In contrast, Li 2 O 2SiO 2 glass shows a similar profile in the EBB(½) master curve. However, the low frequency side below around 10 ¹2 Hz in the profile is missing compared to the sodium silicate glasses as seen in Fig. 11(d) . This indicates that structural relaxation of Li 2 O 2SiO 2 glass is expected to proceed faster than sodium silicate glasses. The faster relaxation is in good agreement with the shorter relaxation time found in the analysis of G(t). The faster relaxation is also well consistent with the shorter¸1 of about 30 s (Table 2) for the lithium silicate glass.
Injection test
As seen in both Figs. 6 and 7, Na 2 OxSiO 2 (x = 2, 3, and 4) glasses shows almost the same behavior on the injected volume against pressing time and viscosity. This is consistent with these glasses having the same frequency dependence as seen in the EB(½) and EBB(½) master curves. The loss elastic modulus extends to lower frequencies than 10 ¹2 Hz and has long relaxation times: 75, 178, and 268 s (Table 2) for Na 2 OxSiO 2 (x = 2, 3, and 4) glasses, respectively. Therefore, deformation is not expected in the sodium silicate glasses in a short period of the injection test except 600 s. In contrast, the injection seems to proceed faster in Li 2 O2SiO 2 glass than sodium silicate glasses. The EBB(½) curve of Li 2 O2SiO 2 glass does not have the structural relaxation part below 10 ¹2 Hz and also has a shorter relaxation time of 29 s in the Maxwell model (Table 2) , that is, faster relaxation than 100 s order relaxation. It is deduced that the lack of slow relaxation corresponds well with the faster injection in longer pressing periods above 30 s for Li 2 O2SiO 2 glass.
Summary
Uniaxial compression creep test was performed at around the deformation temperature and dynamic viscoelastic measurement was performed up to the temperature on binary Na 2 O xSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses. Shear relaxation modulus G(t) was expressed by a 1-term Maxwell model for both the glass systems. Relaxation time for structural deformation was compared for all glasses at the temperature T r where the macroscopic viscosity © becomes log © = 10.5. The relaxation time Table 2 . Optimized parameters, elastic term G 1 , viscous term © 1 , relaxation time¸1, and G¨for Na 2 OxSiO 2 (x = 2, 3, and 4) and Li 2 O2SiO 2 glasses. The master curve of relaxation shear moduli G(t) was analyzed using a two-term Maxwell model (Fig. 10) . However, the parameters G 1 and G 2 , © 1 and © 2 converged to the same values. The reference temperatures for the master curve T r , at which the macroscopic viscosity © becomes log © = 10.5, are also listed in the right column ¸1 increased with decreasing Na 2 O content, which corresponds to decreasing size of network cluster units. In contrast, the¸1 of Li 2 O2SiO 2 glass was about one-third of that of Na 2 O2SiO 2 glass. The master curve of the loss elastic modulus EBB(½) showed unique frequency contours in all sodium silicate glasses, while the EBB(½) of lithium silicate showed a remarkable decrease in the low frequency side of the contour. This lack of slow relaxation was well consistent with the comparably lower viscous term © 1 in the Maxwell model found in the creep test, which indicated easier slipping relaxation than the sodium system. Injection testing into a narrow pore showed faster saturation of the injected volume for the lithium silicate glass. This also supported the lack of the slower relaxation process in the lithium system.
